Abstract The meiotic prophase I to metaphase I transition (G2/MI) involves disassembly of synaptonemal complex (SC), chromatin condensation, and final compaction of morphologically distinct MI bivalent chromosomes. Control of these processes is poorly understood. The G2/MI transition was experimentally induced in mouse pachytene spermatocytes by okadaic acid (OA), and kinetic analysis revealed that disassembly of the central element of the SC occurred very rapidly after OA treatment, before histone H3 phosphorylation on Ser10. These events were followed by relocalization of SYCP3 and final condensation of bivalents. Enzymatic control of these G2/MI transition events was studied using small molecule inhibitors: butyrolactone I (BLI), an inhibitor of cyclindependent kinases (CDKs) and ZM447439 (ZM), an inhibitor of aurora kinases (AURKs). The formation of highly condensed MI bivalents and disassembly of the SC are regulated by both CDKs and AURKs. AURKs also mediate phosphorylation of histone H3 in meiosis. However, neither BLI nor ZM inhibited disassembly of the central element of the SC. Thus, despite evidence that the metaphase promoting factor is a universal regulator of the onset of cell division, desynapsis, the first and key step of the G2/MI transition, occurs independently of BLI-sensitive CDKs and ZM-sensitive AURKs.
Introduction
When meiotic germ cells leave the lengthy prophase I of meiosis by passing through the diplotene stage to the first meiotic metaphase (a process known as the G2/MI transition), a number of events occur. Morphologically, the most dramatic of these is the remodeling of chromatin from the relatively dispersed state of prophase to form highly condensed, metaphase chromosomes. This is accompanied by disassembly and/or reorganization of components of the synaptonemal complex (SC). While it is presumed that these events do not occur until after completion of meiotic recombination, the precise relationship between the culmination of recombination and the onset of the G2/MI transition is not known, nor have the proximal regulators and signaling pathways that govern this process been resolved. Here we focus on the disassembly of the SC as a signature event of the G2/MI transition and determine different mechanisms for removal and relocalization of different SC components, in the context of the concurrent events of histone H3 phosphorylation on Ser10 and condensation and formation of morphologically distinct bivalents.
The SC is a meiosis-specific, zipper-like tripartite protein complex that lies between synapsed homologous chromosomes and may mediate synapsis and/or recombination (Crane et al. 2004; Dobson et al. 1994; Hunter 2003; von Wettstein 1984; Zickler and Kleckner 1999) . The lateral elements (LEs) of the SC are thought to coincide with the axes of each of the two paired, but non-sister, homologues. Components of the LEs include two SC proteins, SYCP2 (Offenberg et al. 1998 ) and SYCP3 (Dobson et al. 1994; Heyting et al. 1985 Heyting et al. , 1987 , both of which have been shown by genetic analysis to be essential for the formation of the chromosomal axes and mature SC (Kouznetsova et al. 2005; Yang et al. 2006; Yuan et al. 2000) . Other proteins essential for the formation of the SC LEs are cohesins (Eijpe et al. 2000) . Cohesins belong to the structural maintenance of chromosomes (SMC) family and include meiosis-specific cohesin subunits REC8 (Eijpe et al. 2003) , STAG3 (Pezzi et al. 2000) , and SMC1B (Revenkova et al. 2001) . Genetic analyses have revealed that SMC1B and REC8 are important for the integrity of the LEs and SC (Bannister et al. 2004; Revenkova et al. 2004; Xu et al. 2005) . The central element of the SC bridges the two LEs through an array of transverse filaments and is comprised in part by the protein SYCP1 (Dobson et al. 1994; Meuwissen et al. 1992 ); synapsis does not occur in mice lacking this protein (de Vries et al. 2005) . Other proteins interacting within the central element include SYCE1 and SYCE2 (Costa et al. 2005 ) and TEX12 (Hamer et al. 2006) . SYCE2 has been shown to be required for assembly of the SC (Bolcun-Filas et al. 2007 ).
The SC disassembles as meiotic cells progress from the pachytene stage, when recombination occurs, through diplonema and into the meiotic division phase. The hallmark of exit from the pachytene stage to the diplotene stage is desynapsis. Desynapsis enables homologue separation and is marked cytologically by the removal of the central element of the SC, when immunolabeling of SYCP1 is lost from the SC (Moens 1995) . Subsequently, SYCP3 labeling redistributes within and from the LEs of the SC and is found in the centromeric regions (Dobson et al. 1994) , and also in patches between sister chromatids (Parra et al. 2004; Prieto et al. 2001; Viera et al. 2003) . Experimental induction of the G2/MI transition with the phosphatase inhibitor OA recapitulates desynapsis, homologue separation, and redistribution of SYCP3 from the LEs in mouse spermatocytes (Cobb et al. 1999a; Handel et al. 1995; Tarsounas et al. 1999; Wiltshire et al. 1995) . These events of disassembly of the SC occur coordinately with other key aspects of chromatin remodeling events in the G2/MI transition, including phosphorylation of histone H3 on Ser10, a marker of entry into M-phase (Hendzel et al. 1997) , and the final compaction and formation of morphologically distinct bivalents (MI chromosomes). Mechanisms of chromatin condensation and formation of compact bivalents are not well understood in either mitosis or meiosis (Belmont 2006) . Although controversial, it is likely that both DNA topoisomerase IIα and condensins are involved in the various stages in the formation of fully condensed chromosomes, and, in all probability, the process is driven by the same kinases that regulate mitotic cell cycle progress (Belmont 2006; Swedlow and Hirano 2003) . But whether these diverse events of the meiotic G2/MI transition are under common control is not known.
The "universal" regulator of metaphase onset, metaphase promoting factor (MPF) probably plays a predominant role in chromatin remodeling during the G2/MI transition of mouse spermatocytes. MPF, comprised of a catalytic subunit, CDC2A (formerly known as CDK1), and a regulatory cyclin subunit, cyclin B1 (CCNB1), is regulated by phosphorylation and dephosphorylation by cell cycle-related kinases and phosphatases. The CDC2A kinase is present in pachytene spermatocytes (Cobb et al. 1999a; Godet et al. 2000) . The finding that the phosphatase inhibitor OA prompted the meiotic G2/MI transition in mouse spermatocytes Wiltshire et al. 1995) suggested that MPF, or other kinases, could be involved. Roscovitine inhibition of cyclin-dependent kinases impedes formation of post-meiotic germ cells in co-cultures of rat germ cells and Sertoli cells (Godet et al. 2004) , and both a broad spectrum cyclindependent kinase inhibitor (staurosporine) and a more specific CDK inhibitor butyrolactone I (BLI) inhibit the formation of condensed bivalents induced by OA treatment of mouse spermatocytes (Cobb et al. 1999a ). However, which steps of SC disassembly and other dynamics of chromatin remodeling MPF and/or other G2 cyclin-dependent kinases regulate during the G2/MI transition is not established.
Kinases other than MPF must also be involved in the spermatocyte's G2/MI transition. The most compelling evidence for this is that inhibition of MPF does not inhibit phosphorylation of histone H3 on Ser10, a characteristic marker of the meiotic G2/MI transition (Cobb et al. 1999a ). The MAP kinases MAPK3/1 have been implicated in the process (Sette et al. 1999 ), but genetic evidence argues that this may not be the case (Colledge et al. 1994; Hashimoto et al. 1994; Inselman and Handel 2004) . Other candidate kinases for the G2/MI transition include the serine-threonine aurora kinases (AURKs), which have been demonstrated to play roles in the mitotic G2/M transition and phosphorylation of histone H3 on Ser10 (Arlot-Bonnemains et al. 2001; Crosio et al. 2002) . Inhibitors that specifically target AURKs, such as ZM447439 (ZM), have helped establish the evidence that they phosphorylate histone H3 on Ser10 in mitosis (Ditchfield et al. 2003; Gadea and Ruderman 2005) . AURKs are expressed in oocytes (Jelinkova and Kubelka 2006; Yao and Sun 2005; Yao et al. 2004) , in G2 phase mouse spermatocytes (Chieffi et al. 2004; Kimmins et al. 2007; Parra et al. 2003; Tang et al. 2006) , and localize in spermatocyte chromatin (Hashimoto et al. 1994; Kimmins et al. 2007 ) and centromeres at the late diplotene stage ; thus, they are in the right place at the right time to function in the G2/MI transition. Expression of a kinase-inactive mutant AURKB resulted in abnormal germ cell-somatic cell relationships and an increase in apoptotic spermatocytes at metaphase in AURKB mutant mice (Kimmins et al. 2007 ), but functional roles for AURKs specifically in the spermatocyte's G2/MI transition have not yet been experimentally demonstrated.
Here, OA-induced G2/MI transition was used as an experimental model to determine if disassembly of SC structure, phosphorylation of histone H3 on Ser10, and condensation and compaction of bivalents are under common cell cycle control or differentially regulated in mouse spermatocytes. We show that disassembly of the central element of the SC (removal of SYCP1 from the SC) occurred rapidly after OA treatment, before phosphorylation of histone H3 on Ser10. This was followed by relocalization of SYCP3 in the SC LEs and then by condensation and formation of morphologically distinct bivalents. ZM inhibition demonstrated a role for AURKs in both histone H3 phosphorylation on Ser10 and SC remodeling during the meiotic G2/MI transition. Disassembly of the central element and LEs of the SC after OA treatment was differentially regulated: BLIsensitive CDKs and ZM-sensitive AURKs directly or indirectly control removal and relocalization of SYCP3 in the LEs, but their inhibition did not affect initiation of desynapsis and disassembly of the SC central element.
Materials and methods

Animals
Male (C57BL/6J X SJLT) F1 mice (herein designated as B6SJL), aged 8 weeks were used in this study. All mice were bred and raised in the research colony of the authors at The Jackson Laboratory. The protocols for their care and use were approved by the Institutional Animal Care and Use Committee (IACUC) of The Jackson Laboratory.
Spermatocyte collection and culture conditions
Adult B6SJL males were used as the source of testes for preparation of highly enriched fractions of pachytene spermatocytes. The isolation of pachytene spermatocytes was performed as previously described (Bellve 1993) . In brief, de-tunicated testes were placed into Krebs-Ringer bicarbonate solution (KRB: 120.1 mM NaCl, 4.8 mM KCl, 25.2 mM NaHCO 3 , 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 ·7H 2 O, 1.3 mM CaCl 2 , 11 mM glucose, 1× essential amino acids, 1× nonessential amino acids), and digested with 0.5 mg/ml collagenase (Sigma) and then with 0.5 mg/ml trypsin (Sigma). The released cells were washed with KRB containing 0.5% bovine serum albumin (BSA) (Sigma), and then sedimented at unit gravity through a 2-4% BSA gradient generated in a medium-size STA-PUT chamber (Johns Scientific, Ontario). After 2.5 h, 300-drop fractions were collected at a rate of 1/43 s. Cells in these fractions were assessed for morphology and purity by light microscopy using Normarski optics. The average purity of the pachytene spermatocyte fractions used was greater than 80%. The pooled pachytene spermatocyte fractions were washed once and then resuspended in HEPES (25 mM)-buffered MEMα culture medium (Sigma) supplemented with 25 mM NaHCO 3 , 5% fetal bovine serum (Atlanta Biologicals), 10 mM sodium lactate, 59 μg/ml penicillin, and 100 μg/ml streptomycin . Spermatocytes (2.5×10 6 cells/ml) were subjected to shortterm culture at 32°C in 5% CO 2 as previously described .
After overnight culture, the pachytene spermatocytes were induced to undergo the G2/MI transition by the addition of OA (CalBiochem), dissolved at 244 μM in ethanol and used at 5 μM in the culture, while control cells were treated with the same volume of ethanol Wiltshire et al. 1995) . To inhibit CDKs, spermatocytes were incubated with 100 μM butyrolactone I (CalBiochem; Cobb et al. 1999b ). To inhibit AURKs, spermatocytes were treated with ZM447439 (ZM, AstraZeneca; Ditchfield et al. 2003) . ZM was used at 5 μM, based both on the manufacturer's recommendation and our experiments. These inhibitors were added 0.5 h prior to the OA addition, and the controls were treated with vehicle alone. For kinetic analyses, spermatocytes were harvested and processed for microscopy analysis at 0, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, and 5.0 h after the treatment. Cells were scored for presence, absence, and pattern of labeling with antibodies recognizing SYCP1, SYCP3, and histone H3 phosphorylated on Ser10. Differences from control (untreated) spermatocytes were tested for significance by a paired t test.
Cytological analyses
For immunofluorescence analysis, cells were collected by centrifugation, surface-spread in wells of multispot microscope slides (Shandon, Pittsburgh, PA, USA) and fixed following the procedure previously described (Cobb et al. 1999a; Cobb et al. 1997 ). Prior to antibody labeling, slides were washed three times in washing/blocking buffer (0.3% BSA, 1% goat serum in phosphate-buffered saline, pH 7.4); the second wash included 0.05% Triton-X 100. After draining, the slides were incubated with primary antibodies. Antibodies and dilution used were: rabbit anti-SYCP1 (a gift from C. Heyting) used at 1:1,000 dilution or rabbit anti-SYCP1 (Novus, NB 300-229) used at 1:100 dilution; polyclonal rat anti-SYCP3 (Eaker et al. 2001 ) used at 1:1,000 dilution or mouse anti-SYCP3 (Novus, NB100-2065) used at 1:100 dilution; rabbit anti-phosphorylated histone H3 on Ser10 (Abcam, ab14955) used at 1:1,000 dilution; rabbit anti-STAG3 (Santa Cruz, sc-20345) used at 1:200 dilution, and rabbit anti-REC8 (a gift from C. Heyting) used at 1:250 dilution. Secondary antibodies against rabbit, rat, or mouse IgG and conjugated with Alexa 594 or 488 (Molecular Probes) were used at 1:500 dilution. Images were acquired with a Leica DMRXE epifluorescence microscope equipped with a ×100 plan-neofluar oil-immersion objective lens and a triple filter (set no. 61000V2 BS&M, Chroma Technology, Rockingham, VT, USA) for simultaneous visualization of green (Alexa 488), red (Alexa 594), yellow (Alexa 488 + Alexa 594), and blue (DAPI) fluorescence. The microscope is linked to a Micromax cooled CCD camera (RS Princeton Instrument), a high-speed shutter driven by a Sutter Lambda 10-2 (Sutter Instrument) and Metamorph software (Universal Imaging Corporation) to capture the images.
Chromosome condensation was evaluated from air-dried chromosome preparations (Evans et al. 1964 ) from cultured spermatocytes collected by centrifugation and washed in 2.2% sodium citrate. The air-dried chromosome preparations were stained with Gurr Giemsa (Invitrogen). G2/MI stages, from pachynema to MI, were scored using an Olympus microscope with a ×40 plan objective and ×10 ocular lenses, and images were captured to Adobe Photoshop with a Hamamatsu C5810 color-chilled camera (Photonic System, Bridgewater, NJ, USA).
Western blotting
Equal numbers of cells from control and OA-treated cultures were washed twice with cold phosphate-buffered saline (PBS); cell pellets were suspended, at 10 8 cell/ml, and lysed in RIPA buffer (Santa Cruz) containing protease inhibitor cocktail (Santa Cruz). After centrifugation, the supernatant was mixed with an equal volume of 2× sample buffer (Santa Cruz), and boiled for 5 min. A lysate containing 15 μg protein from each sample group was loaded and electrophoresed on an 8% SDS-polyacrylamide gel and transferred to PVDF membrane (Millipore) using a semi-dry transfer apparatus (Bio-Rad) with Tris-glycine buffer, pH 8.3. After transfer, the membrane was blocked in blocking buffer (LI-COR) at 4°C overnight. The blots were probed with anti-SYCP1 or anti-SYCP3 (each at a 1:2,000 dilution) at room temperature for 1 h with gentle shaking. After 4×5 min washes with PBS containing 0.1% Tween-20, blots were incubated with Irdye800-conjugated secondary antibody (Rockland), 1:5,000 dilution, for 45 min at room temperature. After three washes with PBS containing 0.1% Tween-20 and one rinse with PBS, the blots were scanned with an Odyssey infrared imaging system (LI-COR).
In-gel kinase assay
The in-gel kinase assay was conducted according to previously reported methods (Wooten 2002) . Briefly, spermatocytes from different conditions of OA and ZM were lysed at a concentration of 10 8 cells/ml directly in lysis buffer (20 mM Tris-HCl, pH 7.5, 137 mM NaCl, 1 mM MgCl 2 , 1 mM Na 3 OV 4 , 100 μM NaF, 1.0% NP-40, 10 mM β-glycerophosphate, 10% glycerol, 1 mM phenylmethanesulfonyl fluoride, 10 μg/ml leupeptin, 5 μg/ml aprotinin, 2.5 μg/ml p-nitrophenylphosphate, PnPP). The lysate was then centrifuged at 12,000×g for 10 min at 4°C and the supernatant was transferred to another tube. An equal amount of loading buffer (0.5 M Tris-HCl, pH 6.8, 4% SDS, 10% β-mercaptoethanol, and 20% glycerol) was added to each supernatant, and the samples were boiled for 5 min. A volume equivalent to 15 μg protein was loaded on gels containing 0.25 mg of calf thymus histone H3 (Boehringer) per milliliter or 0.25 mg of bovine serum albumin per milliliter in the separating portions. After electrophoresis, SDS was removed by washing the gel first with a solution of 20% 2-propanol and 50 mM Tris-HCl (pH 8.0), and then with 50 mM Tris-HCl (pH 8.0) and 1 mM dithiothreitol (DTT). Proteins were denatured by treating the gel with buffer (50 mM Tris-HCl (pH 8.0), 20 mM DDT, 6 M guanidine hydrochloride), and then treated overnight at 4°C with renaturing solution (50 mM Tris-HCl (pH 8.0), 5 mM DDT, 0.04% Tween-20, 100 mM NaCl, 5 mM MgCl 2 ). After one wash in the assay buffer (25 mM HEPES, pH 7.4, 20 mM MgCl 2 1 mM MnCl 2 , 5 mM NaF, 100 μM Na 3 OV 4 , 2.5 μg/ml PnPP, and 1 mM DTT), the gels were incubated for 2.0 h at room temperature in assay buffer containing 50 μM ATP and 20 μCi/ml [γ 32 P]-ATP (PerkinElmer). After four extensive washes with 5% trichloroacetic acid, 1% sodium pyrophosphate, the gels were dried onto two sheets of filter paper and covered with plastic wrap. FUJIFILM FLA5100 (Life Science, Japan) was used to image the gels and Multi Gauge (Life Science, Japan) was used for quantitative analysis.
Results
Disassembly of the SC central element initiates before the phosphorylation of histone H3 during the G2/MI transition
Because of the advantage of a large population of cells responding to a stimulus (OA), temporal order of events can be determined more precisely in vitro than by assessing spermatocytes within seminiferous tubules. The dynamics of SC and chromosome remodeling during the G2/MI transition was investigated by following relocalization or removal of the SC proteins SYCP1 and SYCP3 from the SC. The previously established short-term culture system Wiltshire et al. 1995) was used and 200 spermatocytes were scored in each of three individual experiments (N=600 spermatocytes). Removal of SYCP1 from the SC was scored to follow disassembly of the central element and desynapsis, and relocalization of SYCP3 was scored to follow disassembly of the LEs of SCs. Desynapsis was the earliest event observed. At time zero (T0) nearly 80% of cells exhibited co-localization of SYCP1 and SYCP3 along autosomal SCs and in the paired XY pseudoautosomal region (Fig. 1a) . In response to OA, the proportion of cells with uninterrupted SYCP1 signals decreased rapidly (Fig. 2a) as early as 0.5 h after OA treatment (p<0.05). By 3.0 h after OA treatment, only about 10% of spermatocytes exhibited an uninterrupted and continuous SYCP1 signal along the SCs; these cells most likely represent early pachytene spermatocytes not yet competent to undergo the G2/MI transition in vitro (Cobb et al. 1999a; Handel et al. 1999) . By this time, all other spermatocytes had entered the diplotene stage (marked by desynapsis) or reached the first meiotic metaphase (MI; Fig. 1b,c) . In diplotene spermatocytes (Fig. 1b) , desynapsed regions labeled with anti-SYCP3 but not with anti-SYCP1, whereas in the synapsed regions of these spermatocytes, SYCP1 label co-localized with SYCP3 label. Identical antibody labeling patterns were observed in untreated late pachytene, diplotene, and MI spermatocytes retrieved directly from testes (data not shown).
Phosphorylation of histone H3 on Ser10 is proposed to be the earliest event associated with chromosome condensation as cells progress into division phase. Previously, we observed that histone H3 phosphorylation begins at centromeric heterochromatin after OA treatment (Cobb et al. 1999b ).
Here we used kinetic analysis to ask whether this occurs before, during, or after OA-induced disassembly of the central elements of SCs. Surface-spread chromatin was double-labeled with antibodies against SYCP3 and histone H3 phosphorylated on Ser10 to follow both desynapsis and histone H3 phosphorylation. No spermatocytes with fully synapsed lateral SC elements were labeled with the antibody against phosphorylated histone H3, and labeling with this antibody was observed only in spermatocytes with desynapsed SYCP3-labeled LEs (Fig. 1d) , indicating central element disassembly and entry into the diplotene stage. In some cells, patches of phosphorylated histone H3 signals were observed in heterochromatic regions (Fig. 1d) , and in spermatocytes with histone H3 phosphorylation throughout the chromatin (Fig. 1e,f) . Kinetic analysis of the temporal time course of disappearance of SYCP1 signal and histone H3 phosphorylation confirmed that desynapsis is initiated before phosphorylation of histone H3 on Ser10 occurs. Disassembly of SYCP1 was observed at 0.5 h of OA treatment (Fig. 2a) , whereas the significant increase in the percentage of spermatocytes with phosphorylated histone H3 did not occur until 1.5 h (30% of spermatocytes with phosphorylated histone H3) to 3.0 h (80% of spermatocytes with phosphorylated histone H3) of incubation with OA (Fig. 2c) , after which the increase became slower until at 5.0 h of OA treatment, and about 90% of cells exhibited histone H3 phosphorylation. Thus, this kinetic analysis reveals that phosphorylation of histone H3 on Ser10 following OA treatment occurs after removal of SYCP1 from the SC, consistent with previous observations on desynapsis, both in vitro and in vivo (Cobb et al. 1999b; Parra et al. 2003) .
In contrast to the rapid onset of SYCP1 removal and phosphorylation of histone H3, relocalization of SYCP3, marking disassembly of SC LE, was not observed until 2.0 h after initiation of OA treatment (p<0.01; Fig. 2b) . Results of antibody labeling for both SYCP3 and histone H3 phosphorylated on Ser10 were consistent with this temporal analysis. As shown in Fig. 1d and e, some cells exhibited histone H3 phosphorylation, but had no signs of redistribution or removal of SYCP3, indicating that phosphorylation of histone H3 on Ser10 commenced before the initiation of SYCP3 loss. Thereafter, the frequency of cells with uninterrupted and linear SYCP3 labeling along the SC LEs steadily declined (Fig. 2b) , during which time spermatocytes exhibited small patches of SYCP3 labeling located along the sister chromatids as previously reported (Parra et al. 2004; Prieto et al. 2001; Viera et al. 2003) . By 5.0 h culture with OA under our experimental conditions, most SYCP3 labeling disappeared from chromosome arms and accumulated in the centromeric regions (Fig. 1c,f) , as observed in testicular MI spermatocytes (data not shown) and previously reported both in vivo and in vitro (Dobson et al. 1994; Tarsounas et al. 1999) , although a patchy and punctate labeling pattern for SYCP3 along chromosome arms was observed in some spread cells after 5.0 h culture with OA. During this period, the frequency of MI spermatocytes, with fully condensed bivalents (Fig. 1g) increased to over 80% of the treated spermatocytes. In contrast to the autosomal chromosomes, the relocalization of SYCP3, similar to the in vivo situation, appeared to be delayed on sex chromosomes, where the SYCP3 signals persisted even in later stages, when the signals had become punctate or had disappeared in autosomes. This differential behavior suggests that different mechanisms and/or accessibility are involved in SYCP3 removal from autosomal LEs versus the sex chromosome axial elements (AEs). In the population of spermatocytes after 5.0 h OA treatment, about 10% of the cells exhibited uninterrupted, linear co-localization of SYCP1 and SYCP3 labeling, indicating they were arrested at pachytene stage and presumably not competent to undergo the G2/MI transition.
Protein phosphorylation/dephosphorylation and other post-translational events are hallmarks of cell cycle transitions. Indeed, it has been reported that SYCP1 possesses several potential target sites for protein kinases and is phosphorylated in pachytene spermatocytes (Tarsounas et al. 1999) . Therefore, we determined electrophoretic mobility of both of SYCP1 and SYCP3 in OA-treated spermatocytes. No band shifts were observed for either SYCP1 or SYCP3 after OA treatment on the Western blots, suggesting no major modifications to the pachytene status of these proteins during the induced G2/MI in these conditions (Fig. 3) . Because meiosis-specific cohesins contribute to the integrity of meiotic LEs and the SC (Bannister et al. 2004; Revenkova et al. 2004; Xu et al. 2005) , we examined the localization of two meiosis-specific cohesin subunits, REC8 and STAG3, during the OA-induced G2/MI transition. Both REC8 and STAG3 localized to the SC LEs in pachytene and early diplotene stages (Fig. 4a-c) . The STAG3 signals, but not REC8 signals, were evenly distributed along the chromosome arms at pachytene and diplotene stages. During the induced G2/MI transition, STAG3 and REC8 exhibited dynamic relocalization that differed from SYCP3. In late diplonema, when autosomes are almost, but not completely, desynapsed, some bivalents had one or two SYCP3-labeled bridges, which may represent sites of chiasma formation, between the two axial elements, whereas REC8 and STAG3 were absent from these bridges (Fig. 4c) , as previously observed in vivo (Eijpe et al. 2003; Prieto et al. 2001) . By diakinesis/MI, when SYCP3 had relocalized from the chromosome arms to the centromeric regions, REC8 and STAG3 were only partially lost from chromosome arms and were localized between sister chromatids (Fig. 4d , e) as in vivo (Eijpe et al. 2003; Prieto et al. 2001 ). This observation supports the concept that these proteins play a role in sister-chromatid cohesion, preventing premature sister-chromatid segregation during meiosis I (Eijpe et al. 2003 ).
CDK inhibition with BLI does not affect desynapsis or histone H3 phosphorylation during the G2/MI transition
MPF is a universal regulator of the prophase to metaphase transition in both mitosis and meiosis, and its action is inhibited by BLI (Furukawa et al. 1996; Nishio et al. 1996) . We have previously shown that BLI inhibits the OA-induced G2/MI transition of spermatocytes, but not histone H3 phosphorylation on Ser10 (Cobb et al. 1999b) ; however, its effect on specific stages of SC disassembly was not known. . This analysis was repeated three times and a typical result is shown here Fig. 4 Relocalization of the meiosis-specific cohesin subunits during the G2/MI transition in vitro. a The relative localization of REC8 (green) and SYCP3 (red) in pachynema, and b their localization in diplonema. c Absence of STAG3 (green, arrow) in an inter-homologue bridge labeled with anti-SYCP3 (red; arrow and enlargement in inset). The sex bivalent is indicated as XY. d, e Accumulation of SYCP3 (red) at centromeres at MI, when both REC8 (d, green) and STAG3 (e, green) are still present on chromosome arms
As shown in Fig. 5a , desynapsis and removal of SYCP1 began rapidly in spermatocytes after the treatment with either OA or OA + BLI and was almost completed after 3.0 h treatment. Thus, desynapsis is not sensitive to BLI. However, BLI inhibited the OA-induced relocalization of SYCP3 (Fig. 5b ) and condensation and final compaction of bivalents (Fig. 5d) . The pattern of SYCP3 labeling in spermatocytes after OA + BLI treatment was similar to that in the solvent control, and in marked contrast to the OA group. By 5.0 h after incubation, 92.4% and 91.1% spermatocytes in the solvent control and OA + BLI groups, respectively, exhibited uninterrupted SYCP3 labeling along the SC LEs, while only 17.7% spermatocytes in OA group failed to exhibit redistribution of SYCP3. Significant differences between OA and OA + BLI treatments were observed by 2.0 h (p<0.05). The concentration of BLI used (100 μM) inhibited histone H1 kinase activity (data not shown), as previously reported (Cobb et al. 1999b ). As previously demonstrated by us, and as shown in Fig. 5c , the frequency of spermatocytes with histone H3 phosphorylated on Ser10 after OA treatment was unaffected by BLI. Together, these findings suggest that BLI-sensitive CDKs are not responsible for SYCP1 removal from the SC or phosphorylation of histone H3 on Ser10, but these kinases do play direct or indirect roles in SYCP3 removal and relocalization from the SC LEs and subsequent condensation of morphologically distinct bivalents.
ZM-sensitive AURKs affect histone H3 phosphorylation, compaction of bivalents, and disassembly of LEs, but not disassembly of the central element of the SC Aurora kinases (AURKs) have histone H3 kinase activity, are involved in mitotic G2/M transition (Adams et al. 2001; Crosio et al. 2002; Goto et al. 1999; Scrittori et al. 2001) , and are expressed in mouse spermatocytes in prophase of meiosis I (Kimmins et al. 2007; Parra et al. 2003; Tang et al. 2006 ). However, their precise role in the steps of the G2/MI transition has not been directly demonstrated. We tested the effect of ZM, a small molecule inhibitor of AURK A and B (Ditchfield et al. 2003; Gadea and Ruderman 2005) on G2/MI processes in mouse spermatocytes.
We first determined that OA activates the AURKs in vitro. An in-gel kinase assay previously described was used to directly assess the phosphorylation activity of AURK on the AURK substrate thymus histone H3 (Crosio et al. 2002) , and BSA as a control to assess specificity of AURKs. As shown in Fig. 6 , the activity of AURKB in extracts of pachytene spermatocytes treated for 5.0 h with OA increased 2.3-fold compared to extracts from control spermatocytes. Very little phosphorylation of the non-specific BSA substrate by AURKs was observed (data not shown), in agreement with the observations reported for somatic cells (Crosio et al. 2002) . OA activation of AURK activity toward thymus histone H3 was inhibited by 5 μM ZM (Fig. 6a, lanes 3 and 5) , and this dose was selected for further experiments. , pachytene-like signal for SYCP1 and SYCP3 was scored. Two hundred cells were scored for SYCP1 and SYCP3, and the experiment was repeated three times (a total of 600 cells scored); 200 cells were scored for histone H3 phosphorylated on Ser10, and the experiment was repeated three times (a total of 600 cells scored). Unfilled diamond Untreated control (Con) cells; filled triangle cells treated with 5 μM OA (OA); filled square cells treated with 5 μM ZM + 5 μM OA (ZM + OA). The data are presented as means ± SEM OA-induced disassembly of the central element of the SC was not affected by ZM (Fig. 7a) . In spermatocytes treated with either OA alone or OA + ZM, the process of desynapsis was completed within 3.0 h; the frequency of cells with uninterrupted SYCP1 labeling decreased from 74.5% at T0 to 3.9% at T5 in OA group and from 73.8% to 5.6% in the OA + ZM group. This observation indicates that the mechanisms other than ZM-sensitive AURKs promote disassembly of central element of SCs. However, OA-induced redistribution of SYCP3 from SC LEs was inhibited by ZM (Fig. 7b) ; thus, this process depends on both BLI-sensitive CDKs and ZMsensitive AURKs. Phosphorylation of histone H3 on Ser10 also was inhibited by ZM (Fig. 7c) . In the presence of ZM, only 18.6% spermatocytes exhibited histone H3 phosphorylation 5.0 h after OA treatment, whereas in the absence of ZM, 81.1% cells exhibited histone H3 phosphorylation. These observations are consistent with similar effects of ZM on histone H3 phosphorylation during mitosis (Crosio et al. 2002) . Thus, this inhibitor analysis reveals a meiotic role for AURKs in phosphorylation of histone H3 on Ser10, in relocalization of SYCP3 and in compaction and formation of morphologically distinct bivalents, but not in disassembly of the central element of SCs.
Discussion
The G2/MI transition: a step-wise process
The meiotic G2/MI transition involves disassembly of the SC structure, phosphorylation of histone H3, and remodeling of chromatin to bring about condensation of morphologically distinct bivalent chromosomes. To what degree these events are under common cell cycle control is not known. This regulation is difficult to analyze in vivo, in part because of the low number of spermatocytes undergoing the G2/MI transition at any specific time, but mostly because of the lack of germ cell conditional mutations in relevant kinases and difficulty of inhibitor analyses in vivo. To circumvent these problems, we used mid to late pachytene mouse spermatocytes enriched from testes and induced the G2/MI transition by treatment with the phosphatase inhibitor OA, a system previously shown to faithfully reflect G2/MI transition events (Cobb et al. 1999b; Marcon and Moens 2003; Tarsounas et al. 1999; Wiltshire et al. 1995) . Our kinetic and inhibitor analyses of events reveal that chromosome remodeling during the G2/MI transition is a differentially regulated step-wise process, diagrammatically represented in Fig. 8 Fig. 8 A schematic representation of the G2/MI transition, reflecting the temporal course of events and differential inhibitor effects revealed in this study. At the pachytene stage, chromatin loops (blue) are attached to the SC LEs, marked by SYCP3 (red), and synapsis is mediated by SYCP1 (green) in the central element of the SC. OA (top arrow) prompts desynapsis and all subsequent events of the G2/MI transition. Desynapsis (removal of SYCP1 and disassembly of the SC central element) marks the onset of the diplotene stage. Histone H3 phosphorylated on Ser10 (yellow) accumulates in the chromatin during diplonema, but only after desynapsis occurs. Subsequently, the chromatin condenses further and SYCP3 is both removed and redistributed in the SC LEs to the centromeres and interchromatid patches, concurrent with condensation of bivalent chromosomes at MI. Inhibition of CDKs by BLI reveals that CDKs affect relocalization of SYCP3 and chromosome condensation. Inhibition of AURKs by ZM reveals that AURKs control phosphorylation of histone H3 on Ser10 in meiosis, as well as affecting subsequent events of SYCP3 relocalization and final condensation of bivalents. Neither BLI nor ZM affects OA-induced desynapsis; thus, this event is controlled by an as-yet unidentified OA-sensitive regulator visible step in the G2/MI transition is disassembly of the central element of the SC, marked by removal of SYCP1 from the SC, an event that defines diplonema, but separable in time and space from phosphorylation of histone H3 on Ser10 (Fig. 8) . Subsequently, SYCP3 and cohesins are removed from and/or relocalized in the LEs of the SC, concurrently with condensation and individualization of chiasmate bivalent chromosomes into their MI configuration (Fig. 8) .
Regulatory control over these events is unexpectedly complex.
While it was previously assumed that MPF, the universal cell cycle regulator, might initiate the G2/MI transition, we show here that instead, it functions only in late G2/MI events: removal and relocalization of SYCP3 in the LE of the SC and the final condensation and formation of morphologically distinct bivalents (Fig. 8) . We also find that AURKs play a role in meiotic histone H3 phosphorylation on Ser10, as well as later events of disassembly of the LE of the SC and condensation of bivalents (Fig. 8) . Control over the initiating events of the G2/MI transition, specifically, disassembly of the central element of the SC, is not by either ZM-sensitive AURKs or BLI-sensitive CDKS (Fig. 8 ).
Initiating the G2/MI transition: disassembly of the central element of the SC and phosphorylation of histone H3
What initiates the exit from pachynema and transition into diplonema? It can be initiated in vitro by phosphatase inhibition, but is not mediated either by MAPKs (Inselman and Handel 2004) or cyclin A1 (Liu et al. 1998 Nickerson et al. 2007 . A pachytene checkpoint, monitoring synapsis, has been proposed to regulate progress through meiotic prophase (Ashley et al. 2004; de Rooij and de Boer 2003; Odorisio et al. 1998) , and may be involved in setting up competence to exit pachynema. This checkpoint is postulated to act at stage IV of the seminiferous epithelium, at approximately mid-pachynema and the time when MLH1/MLH3 foci appear on paired homologues; and indeed, this is also the time at which spermatocytes become competent to respond to OA by condensing chiasmate bivalent chromosomes (Cobb et al. 1999a) . The proximal stimulus for the G2/MI transition may well be a signal transducer located in the SC and sensitive to completion of reciprocal recombination, perhaps an OAsensitive phosphatase. Interestingly, the HSP7A2 chaperone is located within the SC , and its absence is associated with failure of spermatocytes to desynapse homologues (Dix et al. 1997) , suggesting that this protein may be in the chain of events initiating desynapsis. Phosphorylation of histone H3 on Ser10 is a marker for the onset of division phase in mitosis. Although it was previously known that histone H3 phosphorylation occurred in diplonema, this analysis established not only that it occurs after removal of SYCP1 from the SC but also that it is regulated differently than desynapsis. No spermatocytes with an intact SC central element were labeled for histone H3 phosphorylated on Ser10, and all spermatocytes with labeling for histone H3 phosphorylated on Ser10 exhibited desynapsis (Fig. 8) . Thus, the possibility exists that homologue desynapsis may lead to phosphorylation of histone H3. Histone H3 modification may also play a role in controlling subsequent condensation of bivalents and/or further dismantling of the SC (see below).
Disassembly of the LE of the SC and condensation of bivalents SC disassembly is clearly a multistep process, with desynapsis and removal of SYCP1 occurring hours before SYCP3 redistribution and removal both in vivo and in vitro after OA. The differential inhibitor sensitivity of disassembly of the central and lateral element of the SC indicates that control over dismantling the SC is complex. Very little is known about how orderly disassembly and relocalization of proteins from the SC is regulated, although at least some of the SYCP3 protein in the lateral axes relocalizes to the centromeric regions of chromosomes in the G2/MI transition (Dobson et al. 1994) , and some persists in patches between sister chromatids (Parra et al. 2004; Prieto et al. 2001; . The LEs are also marked by cohesin proteins, and we show here that the meiosis-specific REC8 and STAG3 cohesin subunits partially redistribute at approximately the same time as SYCP3 is removed from the LEs of the SC. Although SYCP3 is an integral component of the SC LEs, it is not sufficient for the assembly of meiotic LEs (Yuan et al. 2000; Yuan et al. 2002) , and cohesins are required for the assembly of chromosomal axes (Eijpe et al. 2003; Page et al. 2006; Pelttari et al. 2001; Prieto et al. 2001; Revenkova et al. 2004 ). Thus, it is possible that relocalization of the cohesins destabilizes the axes. As SYCP3 and cohesins are removed from the chromosomal axes, the chromatin loops are progressively compacted, resulting in the formation of condensed bivalents, maintained by chiasmata. Both cohesins and SYCP3 in the axes affect chromosome loop size and organization (Novak et al. 2008) ; furthermore, condensin complexes are key elements for organization of meiotic chromosomes (Chan et al. 2004; Hagstrom and Meyer 2003; Tsai et al. 2008 ) and the condensin I complex localizes on mouse meiotic chromosomes (Viera et al. 2007 ). Both AURKs and phosphorylation of histone H3 may have critical roles for condensin function at this time. AURKB can target condensin I to mitotic chromatin and depletion of AURKB can result in loss of chromatin-bound histone H3 phosphorylation, with accompanying reduction of chromosomal targeting of condensin I in mitotic cells (Lipp et al. 2007; Takemoto et al. 2007 ). Thus, phosphorylation of histone H3 on Ser10, mediated by AURKB, could be one mechanism contributing to final condensation of bivalents in spermatocytes. These results demonstrating impairment of chromosome condensation when AURKs are inhibited are in contrast to previous studies (Jelinkova and Kubelka 2006) suggesting that AURKB and phosphorylation of histone H3 on Ser10 may not be required for chromosome condensation in porcine oocytes treated by BLI. However, other studies on both pig (Bui et al. 2004 ) and mouse (Swain et al. 2007 ) oocytes have implicated a role for histone H3 phosphorylation on Ser10 in chromosome condensation during maturation. A recent study (Swain et al. 2008 ) reports a more direct test by treating mouse oocytes with ZM; the findings are similar to those reported here for spermatocytes, namely ZM inhibited phosphorylation of histone H3 on Ser10 and caused abnormalities in condensation of bivalents. Clearly, although there may be some species differences, the roles of AURKS in histone H3 phosphorylation and chromosome condensation during the meiotic division phase are being resolved. In interesting similarity to ZM effects on spermatocytes, ZM treatment of oocytes (Swain et al. 2008 ) did not inhibit meiotic resumption (initiation of the G2/MI transition). Our data point to the regulatory roles for both CDKs and AURKs in promoting final stages of chromosome compaction in spermatocytes, but clearly further investigations will be required to reveal the specific roles of these regulators that contribute to SC disassembly and chromosome formation.
Differential and sequential kinase regulation of G2/MI events MPF is a nearly universal regulator of events leading to chromosome condensation and individualization in mitotic and meiotic division phase. AURKs also play a role in the onset of the mitotic division phase. In the absence of suitable genetic models for unraveling the roles of these putative regulators, we targeted them with inhibitors. There are always caveats to be considered with this approach. One of the most important is the issue of whether the small molecule inhibitors reach their protein targets. Both BLI and ZM are known to traverse cell membranes. We also applied inhibitors before treating cells with the G2/MI transition-activating agent, OA. However, one cautionary note in the interpretation of data is the possibility that efficacy of either BLI or ZM is greater after nuclear envelope breakdown. OA induces nuclear envelope breakdown in spermatocytes , but the precise timing of this is not known. A second caveat is that inhibitors identify classes of proteins (e.g., CDKs or AURKs), but not usually specific proteins. Nonetheless, BLI and ZM effects allowed us to demonstrate differential regulation of steps in the G2/MI transition. Inhibition of MPF abrogates OA-induced condensation of bivalents in the G2/MI transition as shown here and previously (Cobb et al. 1999a ). Here we show that the CDK inhibitor BLI inhibits removal of SYCP3 from the SC, confirming the importance of CDK activity for disassembly of the SC. However, BLI did not inhibit OA-induced desynapsis; thus, BLI-sensitive CDKs are not a "master regulator" of the G2/MI transition, implicating other regulators. Nonetheless, CDKs clearly have function in later stages of the G2/MI transition, and data reported here are consistent with genetic evidence implicating a role for CDKs. First, the HSP70-2 protein (now known as HSPA2) appears to be a molecular chaperone required for activation of CDC2A kinase in spermatocytes (Dix et al. 1997) , and spermatocytes of mice with a knockout of the Hspa2 gene arrest in meiotic prophase, failing to progress through the G2/MI transition (Dix et al. , 1997 . Second, spermatocytes of mice with a knockout of the gene encoding cyclin A1 (Ccna1) also fail to activate MPF and arrest at late diplotene (after desynapsis) but do not progress to MI (Liu et al. 1998 Nickerson et al. 2007 ). Together, these genetic data and our results here implicate MPF and, more broadly, CDKs in stages of the G2/MI transition following desynapsis, but not in desynapsis or phosphorylation of histone H3 on Ser10. Interestingly, paired bivalents in spermatocytes of mice deficient in HSP7A2 fail to undergo desynapsis (Dix et al. 1997) , suggesting that HSPA2 may play a role in early events of the G2/MI transition that are unaffected by CDK inhibition.
What kinases other than BLI-sensitive CDKs might play a role in the G2/MI transition? AURKs, especially AURKB, are implicated in the phosphorylation of histone H3 on Ser10 and are present in male germ cells (Kimmins et al. 2007; Parra et al. 2003) at the right time and place to be involved in the G2/MI transition. AURKB co-localizes with phosphorylated histone H3 in late meiotic cells (Kimmins et al. 2007 ). Expression of a kinaseinactive AURKB causes multiple spermatogenic abnormalities, including abnormal germ cell-somatic cell associations in the testis (Kimmins et al. 2007 ); these multiple abnormalities precluded determination of precise roles for AURKB in the meiotic division phase. We show here that ZM inhibition of AURKs inhibits OA-induced phosphorylation of histone H3 on Ser10, as well as removal of SYCP3 from LEs and condensation and formation of morphologically distinct bivalents. Meiotic function for AURKs in phosphorylation of histone H3 on Ser10 presented here is consistent with its activity in mitosis, and ZM effects on chromosome individualization and disassembly of the SC LEs implicate either a direct role for AURKs in these processes or an indirect role via phosphorylated histone H3, which may serve to recruit condensins to the chromatin. However, inhibition of AURKs with ZM did not impede desynapsis and removal of SYCP1 from the SC at the onset of the OAinduced diplotene stage, providing evidence that these events are controlled by other positive or negative regulators of the G2/MI transition, including an OA-sensitive phosphatase.
In conclusion, kinetic and inhibitor analysis of the G2/MI transition reveals distinct, sequential, and separable steps in the G2/MI transition under differential control and that MPF, the universal cell cycle regulator, does not control initiation of the G2/MI transition (Fig. 8) . Both final stages of condensation of bivalents and final disassembly of the SC are regulated, directly or indirectly, by both CDKs and AURKs, and AURKs mediate phosphorylation of histone H3 on Ser10 at an early stage of the G2/MI transition (Fig. 8) . Finally, neither BLI-sensitive CDKs nor ZM-sensitive AURKs regulate the signaling pathway and mechanisms that initiate desynapsis and removal of SYCP1 from the SC; thus, the key players in this critical step of meiosis are yet to be discovered.
